Nd:YAG Q-Switched laser cleaning at 1064 nm can sometimes lead to a more yellow appearance of the stone surface in comparison with other cleaning techniques. The yellow hue can originate from different contributions among which the presence of nano-sized residues generated by the laser interaction with the surface materials to be eliminated. In this study, the nature of such residues has been investigated. The analyzed materials are (i) particles collected from a pure gypsum reference plate; (ii) a synthetic crust, composed of 80 wt % natural black crust and 20 wt % synthetic gypsum; (iii) particles ejected from the synthetic crust during laser irradiation. Optical, scanning electron and transmission electron microscopies were used to link color changes at the macro-scale to morphology changes at the submicron-and nano-scales. Chemical composition was also obtained at the nano-scale using TEM coupled with energy dispersive X-ray (EDX) spectroscopy. This multi-scale approach was combined with electron paramagnetic resonance spectroscopy (EPR) analysis at low and room temperatures to examine the possible presence of iron-containing species presenting particular magnetic properties in the sample before and after irradiation. Under laser irradiation, both the crust sample and the ejected gypsum particles take a yellow color. This color shift can be linked with morphology changes occurring at the nano-scale: gypsum crystals from the reference plate show a smooth surface, while those coming from the synthetic black crust are, after irradiation, covered by many spherical nanoparticles and a rough nano-layer ranging from less than 20 nm to more than 100
nm. TEM-EDX analysis reveals that the two types of nanostructures have a chemical composition very similar to that of iron-rich coal fly-ashes called magnetospheres or ferrospheres. It is suggested that laser irradiation induces a transformation of micrometric size fly-ashes present in the black crust into different types of nanostructures having a chemical composition similar to the one of ferrospheres. EPR analysis demonstrates the presence of ferri-ferro-superparamagnetic species both before and after irradiation, thus indicating that nanosized magnetic iron compounds probably corresponding to magnetite or maghemite oxides are present in the black crust, most probably crystallized on the surface or within the fly-ashes microparticles. This study brings to light the contribution of fly-ashes to the laser induced yellowing process.
Keywords: laser, cleaning, black crust, yellowing, fly-ashes, TEM, EPR evidence by ordinary investigation tools such as optical microscopy and SEM-EDX.
The black crust contribution to the yellowing process has been recently further investigated by De Oliveira et al. [5] . Diffuse reflectance spectroscopy coupled with Raman analyses were performed on synthetic black crusts elaborated with powdery deposits originating from the Saint-Denis basilica in France. This monument dates back from the 13th century and is located close to Paris, in an area badly impacted by industrial pollution during the 19 -20th centuries. The analytical results suggest that the yellow appearance obtained upon laser irradiation is linked to the preservation of goethite (α-FeOOH) or the formation of a mineral having a similar spectral signature in the visible range.
Although this study and those produced previously by different authors [3, 6 -8] have established some major clues about the black crust contribution to the yellowing phenomenon, the exact nature of the material generated by laser treatment of black crust and contributing to the yellow color is still unknown. Indeed, the neo-formed objects are present in a very low amount -below the detection threshold of many analytical tools -and are nano-sized: they require, to be characterized, the use of a specific and adequate analytical protocol.
Introduction
Monuments or sculptures generally get a quite different appearance when cleaned by microsandblasting, water based chemicals or Nd:YAG Q-switched laser at 1064nm. The laser-cleaned objects have generally a darker and sometimes a more yellow appearance. A significant number of investigations have been performed to date on the topic [1] : it is now admitted that the phenomenon may be linked to several causes, among others an unveiling of strongly colored surfaces hidden by black surface layers [2] . Another hypothesis raised in the 2000's links the specific color to the presence of nanometer-size particles [3] . These particles clearly originate from the transformation of phases present in the black crust itself, and this would maybe explain why the laser-linked yellowing phenomenon is not ubiquitous, as the composition of black crusts may substantially change from one place to another.
Furthermore, several causes of yellowing may accumulate in some cases: Vergès-Belmin et al. [4] links for instance the strong yellow color of sculptures at Chartres Cathedral, both to the preservation of a past colored surface treatment and the presence over it of a very shallow layer linked to the laser-substrate interaction, and impossible to put in In this study, we follow a previously published methodology [9] to examine the morphology and the chemical composition of the neo-formed objects produced by irradiation of a synthetic black crust. The strategy consists in a multi-scale approach. Optical microscopy (OM) imaging is first performed to characterize the color of the sample at the macro-scale. Scanning electron microscope (SEM) imaging is carried out in a second step to study the morphology at the submicron-scale and eventually transmission electron microscopy (TEM) coupled with energy dispersive X-ray spectroscopy (EDX) analysis is performed to obtain morphology information at the nano-scale in addition to chemical characterization. Electron paramagnetic resonance (EPR) spectroscopy helps to identify the unknown material by giving information on the nature and size of some components of the black crust presenting particular magnetic properties.
Materials and methods

Materials
Synthetic crusts are elaborated following the same procedure as the one described in De Oliveira et al. [8] but using a natural black crust collected at the Saint-Denis Basilica instead of hematite. The natural crust is a coherent, black, 5 -10 mm thick material. It has a framboidal shape and was collected in 2001 in an area of the monument protected from the rain, and situated ca. 30meters high from the ground. Its composition is presented in the Table 1 (De Oliveira et al. [5] ).
Sample preparation
Crust fragments are first crushed into powder and sieved through a 100 µm sieve before being mixed with calcium sulphate hemihydrate CaSO 4 .0.5H 2 O (ALDRICH 97%) in the proportions 80 : 20 wt % (natural crust: hemihydrate). A gypsum plate is then prepared from a mixture of hemihydrate and water poured on a 76 × 26 mm² glass slide. The dry mixture hemihydrate/black crust is sprinkled over the fresh and still wet plate through a coarse-meshed sieve (about 1 mm). The remaining water in the plate will lead to the crystallization of a coherent black gypsum crust the microstructure of which is very close to real one: a gypsum crystals matrix embedding diverse particles, with an irregular surface and a dark grey color. The crust is then left to dry for 24 hours. Apart from its microstructure, this type of sample is interesting because all the contributions from the substrate (natural stone possibly covered by colored layers) -to the laser yellowing effect are avoided.
Laser irradiation
The crust samples are then irradiated with a Nd:YAG laser (BM industries). The irradiation conditions have been chosen because they are similar to those used by conservators. The laser is operating at a wavelength of 1064 nm and produces discrete pulses of laser energy up to 0.4 J with a pulse length of 15 × 10 -9 seconds (15 ns). The pulse is delivered using an articulated mirrored arm and a handpiece equipped with a 70 cm focal converging lens. The fluence used is slowly increasing from 0.2 to 1 J.cm² during the treatment with a frequency of 10 Hz and a duration of irradiation of three minutes per cm². In other words, about 1800 pulses per square centimeter are used to clean the samples. The surface of the samples is water sprayed once before irradiation, once after 1 min 30 s and once again after 2 min 45 s. Each spray corresponds to 80 mg of water over ca 7.5 cm 2 (approx. 0.01 g/cm 2 ). The ablated particles are collected both on a clean glass slide (76 × 26 mm) and on a round adhesive carbon tab (diameter: 6 mm) disposed vertically and close to the samples. The slide and the carbon tab are then stored in an airtight box to prevent contamination.
In order to have a reference material, a white synthetic gypsum plate 76 × 26 mm² is elaborated and its surface is gently scraped using a scalpel to collect a little amount of reference gypsum particles which are put on a carbon tape for analysis.
Methods
The morphology and color of the crusts before and after irradiation as well as the ablated particulate materials have first been observed with a Digital Microscope 3D VHX-5000 from KEYENCE Corporation.
Scanning electron microscopy (SEM) is then used to study the morphology of the ablated particles at a micron-and submicron-scale. The SEM observation is performed with a SEM-FEG MERLIN at 15 kV. The adhesive carbon tabs covered by ablated particles or reference ones are metalized with 4 nm of palladium/platinum and then put directly into the microscope.
Transmission electron microscopy (TEM) analysis is finally used to identify the morphology and the chemical composition of the ablated particles at a nano-scale. TEM analysis is performed at 200 kV with a FEI TECNAI F20 equipped with a STEM device fitted to an EDX spectrometer EDAX R-TEM Sapphire. The EDX capability is used to determine the chemical compositions of the particles. The samples are prepared by rubbing gently the surface of the glass slide with a copper grid covered with a holey amorphous carbon film. As gypsum is a beam sensitive material a cooler sample holder is being used at liquid nitrogen temperature (-172°C) in order to limit the sample degradation during the analysis.
Electron paramagnetic resonance spectroscopy (EPR) is used to study the possible presence of paramagnetic defects or ferro/ ferri-magnetic materials in the sample before and after irradiation. Pure synthetic gypsum powder has also been analyzed to serve as a reference. The analyses were conducted at two temperatures: ambient (RT) and low (10 K) to seek for superparamagnetic effect and thus highlight the presence of superparamagnetic species in the samples. EPR is performed on a Bruker ELEXSYS E500 spectrometer working at X band (9.4 GHz) and equipped with a SHQ resonator. A 100 kHz modulation of the magnetic field was used for lock-in detection so that the EPR signal appears as absorption derivatives with respect to the magnetic field. A few milligrams of bulk sample are necessary for the analysis. The EPR spectra are normalized to the mass of the samples.
Results
Optical microscope
During laser irradiation the surface of the crust sample becomes yellow and a lot of particles are ablated and get on the glass slide.
In the following paragraphs, we will first describe the natural crust sample itself and then the ablated particles.
The crust
Before irradiation, various micro-sized particles entrapped in a matrix of white or transparent crystals that we interpret as being gypsum are observed on the crust surface (see Fig. 1 ). These micro-particles are black to yellow and red ochre colored, shapes either rod-like, angular, round or botryoidal and sizes ranging from less than 10 µm to more than 50 µm. The size of the gypsum crystals ranges from a few microns to a few hundred microns with a form of rods, platelets or more irregular sub angular aggregates.
After laser irradiation, a strong yellow discoloration is noticed on the crust surface (see Fig. 2) . A large proportion of it has been ablated and the remaining material shows a clearly yellow color. The same micro-sized particles as those described before irradiation are still visible but in a smaller amount.
The ablated particles
The reference gypsum crystals take on the form of white transparent rods or platelets ranging from less than 10 microns to more than a few hundred microns; they often form irregular aggregates measuring a few tens to a few hundred of microns (see Fig. 3 ).
The observation of the laser ablated particles reveals the presence of gypsum crystals having the same yellow color and the same sizes and shapes as the ones of the crust they originate from. We can also notice the presence of the same various micro-sized particles as the ones already observed in the natural crust, before and after irradiation (see Fig. 4 and Fig. 5 ). Though the shapes and sizes of these ablated crystals are similar to the ones of pure gypsum crystals, the color is not the same as we observe yellow ablated crystals whereas the pure crystals are white. Fig. 7 ) in order to determine the morphology differences induced by laser irradiation at the submicron-scale.
Non-irradiated reference gypsum crystals
The reference gypsum crystals take on the form of smooth rods and platelets entangled together. Their size is a few microns. The cracks observed in some of those crystals are an artifact induced by the electron beam.
The irradiated ablated particles
After laser irradiation, the surface of the ablated crystals looks significantly different: 
Scanning electron microscopy
SEM observation was conducted on non-irradiated reference gypsum crystals (see Fig.6 ) and on the ablated particles (see the crystals appear covered by spherical nanoparticles (see Fig. 7 ) presenting a huge range of sizes from less than a few tens of nanometers to a few hundred nanometers. In addition, the surface of the crystals is not smooth as the reference one but it presents a rough nano-layer. Nano-cavities can be observed at the surface of some crystals. Micro-cavities have also been observed in other areas. The cracks observed in some crystals are again an artifact induced by the beam.
Transmission electron microscopy
TEM analysis was conducted to explore the morphology of the ablated crystals at the nano-scale. Gypsum crystals are irregularly covered by spherical nanoparticles of various sizes ranging from less than 10 nm to more than 200 nm. A large part of the gypsum crystals presents an irregular surface at the nanoscale (see Fig. 8 and Fig. 9) .
A large amount of isolated nano-spheres is also found on the copper grid. They have probably been detached from the gypsum rods or platelets when we rubbed the copper grid on the glass slide surface. Some nanospheres show a porous morphology with nano-pores measuring less than 50 nm (see Fig. 10 ).
The chemical composition of the nanostructures of interest was determined using EDX. All the nanoparticles present similar compositions with different proportions of each element: a majority of oxygen, silicon, aluminum and iron, and various small amounts of magnesium, potassium, titanium, calcium, sulfur, phosphorus. The rough nanolayer has the same chemical composition (see Tab. 2). 
Electron paramagnetic resonance spectroscopy (EPR)
Electron paramagnetic resonance spectroscopy (EPR) has been conducted to study the possible presence of paramagnetic defects or ferro/ferri-magnetic materials in the black crust before and after irradiation. The reference gypsum has no EPR signal meaning that there are no paramagnetic defects or ferro/ferri-magnetic materials in the gypsum crystals.
At 10 K, the intensity of the resonance at g = 2.006 corresponding to the carbonaceous matter species is much higher than at RT. We note the apparition of a resonance at g = 4.27, assigned to isolated Fe 3+ in low symmetry sites. The resonance line at g = 2.16 has become larger due to the temperature change. In addition, we can notice a shift of this line towards low magnetic field values (see Fig. 12 ). This broadening and shift of the resonance are characteristic of ferri/ ferro-superparamagnetic materials [12] . Before laser irradiation, we can notice the presence of two main lines on the room temperature EPR spectra of black crust at g = 2.16 and g = 2.006 (see Fig. 11 ). The first consists of a large resonance line given by the presence of ferri/ferromagnetic material corresponding to Fe 3+ ions disposed in randomly oriented iron oxides such as magnetite-maghemite particles [10] . The second line at g = 2.006 has a width of about 7 G and thus it highlights the presence of carbonaceous matter within the black crust [11] .
After laser irradiation, the EPR spectrum at RT shows one main line at g = 2.18 corresponding to the presence of ferri/ferromagnetic material. The intensity of the resonance is lower than the one of the non-irradiated black crust meaning that there is a lower amount of the ferri/ferromagnetic material after laser treatment. The resonance at g = 2.006 linked with the presence of carbonaceous matter is no longer visible (see Fig. 13 ).
At 10 K, we notice the resonance at g = 4.27 corresponding to isolated Fe 3+ in low symmetry sites, as already seen for the non-irradiated black crust. The resonance line at g = 2.18 has also become larger due to the temperature change and we can notice a shift of the line towards low magnetic field values. This broadening and shift of the resonance ascertain the presence of ferri/ ferro-superparamagnetic material within the laser irradiated natural crust. One other line is apparent at g = 2.006 corresponding to carbonaceous matter already described in the non-irradiated crust (see Fig. 14) .
If we compare the non-irradiated black crust to its irradiated counterpart at 10 K, we can see that the intensities of the resonances corresponding to the ferri/ferromagnetic phases (g = 2.18) and to the carbonaceous matter (g = 2.006) have decreased significantly during irradiation (see Fig. 15 ).
In conclusion, EPR analysis has highlighted the presence of superparamagnetic iron oxides, Fe 3+ ion in low symmetry sites and carbonaceous matter in Saint-Denis black crust. After laser irradiation, all three are still present but in lower quantities.
Discussion
Particles such as those found in the Saint-Denis crust are commonly found in black crusts and have been extensively studied [13 -20] : fly-ashes, iron oxides, organic materials, carbonaceous particles, clay minerals, oxalates etc. may all be part of a black crust. Iron compounds are of par- ticular interest as they are known to strongly react with the laser beam [21] . They were found to be present in black crusts in the form of hematite α-Fe 2 O 3 [5, 22] , goethite α-FeOOH [5] , magnetite Fe 3 O 4 [23] , ferrihydrite α-Fe 2 O 3 .1.8H 2 O and jarosite KFe 3 (SO 4 ) (OH) 6 [24] . In black crusts, iron is always less than a few weight percent [20, 25, 26] , and in our case, the iron oxide content is 0.74 wt % [5] . The EPR analysis performed in this study confirms the presence of iron in the Saint Denis crust. It also reveals the existence of isolated Fe 3+ in low symmetry sites in addition to ferri or ferro-superparamagnetic species that we interpret as nano-sized -usually smaller than 50 nm according to Griscom et al. [10] -magnetite Fe 3 O 4 and/or maghemite γ-Fe 2 O 3 . These results are in line with a Mössbauer study by Steger [23] showing that the iron contained in a black crust is partly localized in particles of magnetite Fe 3 O 4 and partly in a poorly crystallized Fe 3+ mineral. Once the synthetic black crust is irradiated, optical microscopy reveals that the gypsum crystals either at the surface of the crust or ejected from it have turned from white to yellow. This color shift can be correlated with morphology changes observed by SEM on the laser ablated particles: gypsum crystals from the reference plate show a smooth surface, while those coming from the synthetic black crust are, after irradiation, covered by spherical nanoparticles and a rough nano-layer. These observations are very similar to those already made on laser irradiated model crust samples [3, 8, 9] . Actually, the first studies on the interactions between the laser beam and black crust have begun with simplified model crust samples as natural black crusts were considered as too heterogeneous and complex. In their study on laser yellowing, Klein et al. [3] detected spherical nanoparticles after laser irradiation at the surface of a ternary model crust containing hematite α-Fe 2 O 3 , graphite and gypsum. More recent studies focused on binary model crusts containing only hematite α-Fe 2 O 3 and gypsum have put in evidence that both the model crusts substrate and the laser ablated material were covered, after irradiation, by spherical nanoparticles and by a rough nano-layer [8, 9] . The laser irradiation thus appears to have an analogous effect on the morphologya nano-structuration of the gypsum crystals surface -whether the crystals come from a model or from a natural crust.
TEM-EDX was used in this study, both to image the ablated material at the nano-scale and to analyze its chemical composition on an area of a few nanometers. It is to be noticed that the extremely small size of the neo-formed phases on our samples would not have allowed a proper SEM-EDX analysis, since the interaction volume of the electron probe is in the micrometer range for this technique. TEM imaging confirms the presence of spherical nanoparticles of various sizes, and of a rough nano-layer or nano-residues which can be observed on the surface of several gypsum crystals. TEM-EDX analysis reveals that all the nanostructures predominantly contain O, Si, Al, Fe and little amounts of Mg, K, Ti, Ca, S, P etc. This composition is very similar to the one of glassy fly-ashes originating from coal combustion plants [13, 14, 17, 27, 28] , being described as 2 -40 µm glassy aluminosilicate spheres containing Mg, Fe, Ti, K as other elements [19, 27] . More specifically, the nanostructures of interest in the present study have a composition close to that of the so-called magnetospheres or ferrospheres, a particular type of coal fly ashes which are magnetic and enriched in iron [29] .
An important point to note at this stage is that fly-ashes are essentially defined as micro-sized particles [30] . Seames [31] and Buhre et al. [32] have shown that the PM1 ultra fine fraction of fly-ashes -measuring less than 1 µm diameter -represents less than 1 wt % of the total amount of ashes generated by the coal combustion. Yet the TEM analysis we conducted reveals the presence of a large amount of nano-sized fly-ashes covering the ablated gypsum particles. These nanoparticles may have been generated by the interaction between the laser beam and the micrometer-sized fly-ashes present in the black crust before irradiation. This hypothesis is supported by the SEM observation of round cavities at the surface of the gypsum crystals. These micro-and nano-cavities may be the result of the interaction of fly-ashes with the laser beam. A characterization of the natural crust at the nano-scale would thus be useful to check if nanometric fly-ashes type particles are already present before irradiation.
Anyhow, this is the first time that a link between the yellowing phenomenon and the fly-ashes present in black crusts is highlighted. It is not that surprising as fly-ashes contain iron species which are known to contribute to the yellowing effect. Our results also show that the laser-generated nanostructures have a different chemical composition if the irradiated material is mainly a real black crust material as in the present study, or is a model composed of a mixture of hematite and gypsum as in former studies [9] . In the case of model crusts, the nanostructures are found to contain O, Fe, Ca, S in various proportions whereas for the synthetic black crust, the nanostructures predominantly contain Si, Al, O, Fe.
This seems to indicate that the phases generated during laser irradiation are different depending on if the irradiated material contains iron oxides or fly-ashes. However, in both cases a yellow color is produced at the macro-scale.
Conclusion
A specific multi-scale analytical methodology has enabled us to reveal for the first time the presence of two types of nanostructures at the surface of laser ablated yellow gypsum crystals -nanospheres and a rough nanolayer -the composition of which is very similar to that of iron rich coal fly-ashes (the so-called magnetospheres or ferrospheres) present in black crusts before irradiation. Our results suggest that laser irradiation induces a transformation of micro-sized fly ashes into nanostructures, having the same chemical composition.
EPR analysis demonstrates the presence of nano-sized magnetic iron compounds (< 50 nm) probably corresponding to magnetite or maghemite in the black crust, the same species being also present -in a lower amount -after irradiation. Such phases would play a key role in the reactivity of fly ashes to laser irradiation, as these species are known to strongly absorb the laser at 1064 nm.
In any event, it is the first time that a contribution from fly-ashes to the laser yellowing effect is highlighted, opening the door for future investigations. De facto further study is currently conducted on new model crusts containing only fly-ashes and gypsum.
